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ABSTRACT 
Flywheel energy storage system (FESS) is a system that can store energy in mechanical 
forth and release out in electrical form. Nowadays, energy storage systems were widely 
used such as battery, hydroelectric, fossil fuels and also flywheel energy storage. The 
main principle of flywheel is the more energy that enters the systems the faster it 
rotates. The aim of this study is to design and implement a FESS for critical load. Then, 
period of power generated by FESS was analyzed. Besides that, the voltage that 
generated by FESS was compared based on minimum value of capacitance used in self 
excited generator (SEIG). Firstly, a thin firm shaped flywheel rotor was fabricated and it 
was assembled to the SEIG. FESS consists of a self-excited capacitance induction 
motor-generator set, power exchange circuit and flywheel rotor. When, there is an ac 
source, the flywheel rotor start to rotate and it stores energy. Then, the stored energy can 
be released to the critical load when blackout occurs. The energy stored in the system 
depends on the properties and moment of inertia of flywheel rotor. The obtained result 
indicated 47pF is the suitable minimum value of the capacitance of SEIG, and it 
followed by 33j.tF and 68jtF. The result shows FESS potential to store energy for short 
period. This study can be a significant initiation to an energy storage system.
VIII 
ABSTRAK 
Sistem roda tenaga adalah satu sistem penyimpanan tenaga yang boleh menyimpan 
tenaga dalam bentuk mekanikal dan melepaskan dalam bentuk elektrik. Pada masa kini, 
sistem penyimpanan tenaga telah digunakan secara luas seperti bateri, hidroelektrik, 
bahan api fosil dan juga roda tenaga penyimpanan tenaga. Prinsip utama roda tenaga 
adalah apabila lebih bantak tenaga memasuki sistem, pemutaran roda tinggi juga 
meningkat. Tujuan kajian mi adalah untuk merekabentuk dan melaksanakan sistem roda 
tenaga untuk beban kritikal. Kemudian, tempoh kuasa yang dihasilkan oleh sistem roda 
tenaga telah dianalisis. Selain itu, voltan yang dihasilkan oleh sistem roda tenaga telah 
dibandingkan berdasarkan nilai minimum yang digunakan dalam penjana teruja din 
(SEIG). Pertama, sebuah roda tenaga yang berbentuk silinder direka dan telah dipasang 
pada SEIG. sistem roda tenaga terdiri daripada pemuat sendiri teruja induksi set motor-
penjana, litar pertukaran kuasa dan roda tenaga pemutar. Apabila, tenaga elektrik dialir 
ke sistem roda tenaga, roda tenaga pemutar mula berputar dan ia menyimpan tenaga. 
Kemudian, tenaga yang disimpan boleh dikeluarkan kepada beban kritikal apabila 
blackout berlaku. Tenaga yang disimpan di dalam sistem bergantung kepada sifat dan 
momen inersia roda tenaga pemutar. Keputusan yang diperolehi menunjukkan 471.iF 
adalah nilai minimum yang sesuai kapasitan SEIG, dan ia diikuti oleh 33iF dan 68jiF. 
Hasilnya menunjukkan sistem roda tenaga potensi untuk menyimpan tenaga untuk 
tempoh yang singkat. Kajian mi boleh menjadi permulaan yang ketara kepada sistem 
penyimpanan tenaga.
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CHAPTER 1
INTRODUCTION 
This chapter mainly emphasizes on the general idea of this study along 
background of study, problems identification and objectives of the project and scope of 
work that must be done. 
1.1 BACKGROUND OF THE STUDY 
Storing energy plays an important role in human's life to balance the supply and 
demand of energy. The energy storage system that currently used can be categorized as 
mechanical, electrical, chemical, biological and also thermal. Nowadays, there are so 
many energy storage systems were widely used such as battery, hydroelectric, fossil 
fuels and also flywheel energy storage. Not all this energy storage systems technically 
and economically feasible. Flywheel energy storage system (FESS) stored energy in 
mechanical form. It stored the kinetic energy in the spinning flywheel. Development in 
material technology, power electronic and signal electronic becomes flywheel as a 
promising candidate for the energy storage system. 
Thousand years ago, the flywheel has been utilized. Then, a few hundred years 
ago mechanical flywheels where widely used to achieve smooth operation of machines 
from cycle to cycle, thereby render possible the industrial revolution. The early models 
flywheels consisting of only a stone wheel attached to an axle. Then, in the 1970s the 
flywheel energy storage was proposed as a primary objective for electric vehicles and
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stationary power backup. On the same time, fiber composite rotors where built and 
magnetic bearings were started to appear in the 1980s. Thus the potential for using 
flywheel as electric energy storage has long been established by extensive research. 
Nowadays flywheels widely used to store energy mechanically and transferred to 
electrical energy. FESS can have energy fed in the rotational mass of a flywheel, store it 
as kinetic energy, and release out up on demand (Bolund, B., Bemhoff, H., & Leijon, 
M., 2007). 
The main principle of flywheel is the more energy that enters the systems the 
faster it rotates. So, the system can be stored more energy in form of mechanical. The 
FESS which works by accelerating a cylindrical assembly called a rotor to a very high 
speed and maintaining the energy in the system as rotational energy. This rotational 
energy is converted back by slowing down the flywheel. The most advanced flywheel 
energy storage system consists of blades made of composite materials and magnetic 
bearings that rotate at speed of 20,000 to 50,000 revolutions per minute. This kind of 
systems can maximally stored energy in few minute and have energy efficiency up to 90 
percent. The ration of energy that can be taken out of the system in relation to the 
energy supplied to the system is called as energy efficiency. 
Recently, flywheel is proving to be an ideal form of storage on account of its 
high efficiency, long cycle life, wide operating temperature range, freedom from depth 
of discharge effects and higher power and energy density on both a mass and a volume 
basis (Liu, H., & Jiang, J., 2007). Nowadays, effective saving energy has developed for 
leveling energy consumption between day-time and night time, preventing 
instantaneous voltage change. A FESS is one of valuable energy-saving system. When 
compared to other energy storage systems, FESS is very simple and characterized by 
high energy density (Murakami, K., Komori, M., Mitsuda, H., & Inoue, a., 2007). 
FESS has lot of advantages. One of the most valuable advantages of FESS is 
producing critical emergency power supply for limited period. Nowadays, flywheels are 
widely used as supplementary uninterruptible power source (UPS) or flywheel backup 
at several industries especially industries that depend on computers works. This is 
because; the data that stored in computers might loss when there is sudden power off. 
So, a flywheel can produce electrical power to a computer room for a few minutes or
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hours. Flywheels also have some other advantages such as it can operate at a much 
wider temperature range, not affected by temperature changes and are not subject to 
many of the common failures of chemical rechargeable batteries. More than, a flywheel 
system itself is a kinetic or mechanical battery, spinning at very high speeds to store 
energy that is instantly available when needed. Another major advantage of flywheels is 
the ability to handle high power levels. For example, this is a desirable quality in a 
vehicle, where a large peak power is necessary during acceleration (Bolund, B., 
Bemhoff, H., & Leijon, M., 2007). 
In this study, the FESS for a critical load will discussed. The output of the 
flywheel energy storage system is discussed. Then, the possibility of using different 
value of capacitance in self excited induction generator (SEIG) is also discussed. 
1.2 PROBLEM STATEMENT 
Mostly the normal power system could not full fill the requirement for the 
critical load. There are many critical loads such as computer rooms, operation rooms in 
hospitals are immediately need high reliability and quality of power supply. A sudden 
power shut down, can bring lot of negative impacts such as data lost, delay and also to a 
human's life. So, an energy storage system is a best solution that can be solved this 
problem. A FESS which stored energy in the mechanical form would be able to support 
the critical loads for a short period. 
1.3 OBJECTIVES 
There are a few objectives that one would like to achieve at the end of this study. 
The main objective of this study is to design and implement a FESS for critical load by 
using self excited induction machine (SEIG). Then, to analyze the period of power that 
produced by the FESS to the supporting critical load. Besides that, another objective of
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this study is to determine the voltage generated by FESS for different value of 
capacitance. 
1.4 SCOPE OF STUDY 
This study aim to use thin firm shaped flywheel in FESS. Then, aluminium was 
chose as raw material for the flywheel rotor. Another scope of this study is using a three 
phase asynchronous induction machine as motor-generator set of FESS.
CHAPTER 2 
LITERATURE REVIEW 
2.1 FLYWHEEL BASICS 
2.1.1 Energy storage system in Flywheels 
Flywheel is acting as the medium carrying energy. The inertia of a rotating mass 
used to store energy in a flywheel. The amount of kinetic energy that stored as rotational 
energy is depending on the inertia and speed of rotating mass (Jiancheng et al., 2002). 
Normally, the flywheel is placed in a vacuum chamber to reduce or eliminate the 
friction-loss from the air and suspended by bearings for stabile operation. The kinetic 
energy is transferred and out of the flywheel with an electrical machine that can 
function either as a motor or generator. When that electrical machine acts as a motor, 
the electric energy supplied to the stator winding is converted to torque and applied 
motor, causing it to spin faster and gain kinetic energy. While in the generator mode, 
kinetic energy stored in the rotor applies a torque that converted to electric energy. 
The kinetic energy that stored in the thin firm flywheel is proportional to the 
mass and to the square of its rotational speed according to Eq. (2.1). 
Ek =Io 2	 (2.1)
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Where Ek is kinetic energy stored in the flywheel. I is moment of inertia and 00 is the 
angular velocity of the flywheel. The moment of inertia is a function of its shape and 
mass (Bolund.B et al., 2007). Eq. (2.1) shows that the way to increase the stored energy 
is to speed up the flywheel. 
The speed limit is set by the stress developed within the wheel due to inertial 
loads, called tensile strength a. The lighter material which develops lower inertial loads 
at a given speed with low density and high tensile strength is good for storing kinetic 
energy. The maximum energy density respect to volume and mass respectively is: 
eK	 (2.2) 
em — KGIp	 (2.3) 
where ev is kinetic energy per unit volume , em is kinetic energy per unit mass, K is 
shape factor, is maximum stress in the flywheel and p is mass density (Kirk, J. A., 
1977). Since the energy stored is proportional to the square of angular velocity, 
increasing the angular speed is more effectively than increasing mass to increase the 
stored energy. But a rapid increasing of angular speeds will cause increase in frictional 
losses and also thermal problems. So, in such cases, the magnetic bearing technology 
used to reduce the frictional losses, but it's too expenses (Thesis, A., 2003). Table 2.1 
shows that the shape-factor for different planar stress geometries.
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Table 2.1: Shape-factor K for different planar stress geometries 
Fly whccl geometry Cross section 	 Shape factor K. 
Disc 1.000 
Modified constant stress disc 0.931 
Conical disc  0.806 
Flat unpierced disc _______ _______	 0.606 
Thin firm i	 0,500 
Shaped bar
.ii___	
0.500 
Rim with web ______ ______	 0.400 
Single bar i	 0.333 
Flat pierced bar 0.305
Source: Bolund.B et al., (2007) 
2.1.2 Flywheel Materials 
The flywheel can be divided into two classes, which based on material in the 
rotor. For first class of flywheel advanced composite materials used to made up the 
rotor. These kinds of the materials have very high strength to weight ratios that bring 
high specific energy to the flywheels. Overall, these classes of flywheels determine the 
performance of flywheels. The maximum stored energy is ultimately limited by the 
tensile strength of the flywheel material. Fiber composites are the better choice for 
FESS. Table 2 illustrates theoretical flywheel energy comparison when K = 0.5. 
Composite materials is highest tensile when compares to the steel material. 
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Table 2.2: Data for different rotor materials 
Rotor material	 a (GPa)	 p (kg /M3)	 E,,p (Wh/kg) 
B-glass	 - 3.5 2540 190 
S-glass 4.8 2520 265 
Kevlar 3.8 1450 370 
Spectra 1000 3.0 970 430 
T-700 graphite 7.0 1780 545 
T-1 000 graphite (projected) 10.0 - 780 
Managing steel 2.7 8000 47
Source: Liu, H., & Jiang, J. (2007) 
2.2 MOTOR I GENERATOR 
In the FES system, the motor/generator is used to exchange the electric energy 
and kinetic energy. The motor/generator acted as a motor and the flywheel accelerates, 
when the flywheel stores energy. While the motor/generator acts as generator, the 
flywheel releases the energy. So the generator will produce an electrical power to the 
load. Normally, in a simple FESS the asynchronous motor used as motor/generator 
because this kind of motor easy to be built for high power and easy to operate at high 
speed. It's easy to be driven by the AC power converter (Jiancheng et al., 2002). 
Overall, it can be said that, the motor/generator and power electronic determines the 
power capabilities if the system. 
2.2.1 Induction Machine 
According to Stephen J. Chapman (2002), induction machine is a machine that 
with only amortisseur windings. Induction machine also is a kind of AC motor where 
power is supplied to the rotor by electromagnetic induction which means the voltage is 
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induced in the rotor windings instead of being physically connected by wires. There are 
two different types of induction machine rotors, which are squirrel cage rotor and 
wound rotor. In this study, a three phase squirrel cage rotor induction machine was 
used. A squirrel-cage induction machine rotor consists of a series of conducting bars 
laid into slots carved in the face of the rotor and shorted at either end by large shorting 
rings.
An induction machine is possible to function as either as a motor or as a 
generator when it connected to an ac source of appropriate voltage and frequency. 
Regeneration is possible, if the rotor of the induction machine is able to rotate above 
synchronous speed decided by supply frequency and the pole number of the machine 
(Singh, G. K., 2004). When the induction machine acts as a motor, the rotor speed of 
the motor, m will be less than the synchronous speed, o. So, the rotor effectively 
moves in clockwise direction with respect the magnetic field, inducing in each bar a 
voltage having the polarity indicated and a magnitude proportional to slip velocity and 
to the field strength acting on the bar. While, in a generator mode, the rotor speeds of 
motor, con, is faster than the synchronous speed, oi (Mahmoud Riaz., 2010). Then the 
direction of the induced torque in the machine reverses and the machine becomes 
generator, converting mechanical power to electric power (Stephen J. Chapman., 2002). 
The synchronous speed and the rotor speed of the motor respectively can be calculated 
by equations;
Synchronous speed, nsync -- 
– —;;--	 (2.4) 
Rotor speed, flm = (1 -	 (2.5) 
Where, J, is the system frequency in Hertz and P and s are the number of poles in the 
machine and percentage of slip in the machine. The power converted to mechanical 
form in an induction motor is equal to;
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Induced power, Pconv = tj CO rn 	 (2.6) 
Where, 'r1fl d is an induced torque in an induction machine. The speed of an induction 
motor can be accomplished by changing the number of poles on the machine, by applied 
electrical frequency and by changing the applied terminal voltage. 
2.2.2 Self-Excited Induction Generator (SEIG) 
In recent years, squirrel cage induction machines are used as the 
electromechanical energy converter. The principle of self-excitation applied to the 
induction machines to generate electricity. According to Tze-Fun (1888), an induction 
machine called as self-excited induction generator (SEIG), when a suitable capacitance 
is connected across the stator winding of an induction machine and self-excitation occur 
under favorable conditions. SEIG is good candidate for electric generation applications, 
because they do not need external power supply to produce the magnetic field. 
According to D. Seyoum et al. (2000) permanent magnet generator can also be used for 
energy applications but they suffer from uncontrollable magnetic field, which decays 
over a period due to weakening of the magnets, and generated voltage tends to fall 
steeply with load. 
The advantages of SEIG over synchronous induction machine are small size and 
weight, simple construction, absence of separate source for excitation, cheap and low 
maintenance cost. Besides its application as a generator, the principle of self-excitation 
can also be used in dynamic braking of three phase induction motor. The terminal 
capacitance in SEIG must have a certain minimum value so that the self-excitation may 
take place. This value is affected by the machine parameters, its speed and load 
condition (A.K. Tandon et al., 1984 and Malik et al., 1987).
11 
2.3 POWER LOSS 
The energy efficiency is an important parameter to a FESS. The total efficiency 
of a FESS depends on the power losses. Flywheel must be rotating continuously 
overcoming its mechanical loss, P 10 , which consist of an axial rotating loss, P, 
windage loss, Pwind, copper loss, and iron core loss, PFe. The power losses of the 
system can be calculated by equation; 
Pioss Pax + Pwind + Pcu + PFe	 (2.7) 
To improve the efficiency of a FESS, the windage loss must be reducing. This is 
because the windage loss is the largest amount of losing from the total losses. Then, 
generally a vacuum enclosure used to reduce the mechanical losses. 
On the other hand, using helium-air mixture gas is a better way to reduce the 
windage loss. Of course, using this kind of technologies can improve the total efficiency 
of the system (Liu, H., and Jiang, J.,2007). 
2.4 ELECTRICAL SWITCH 
Switch is an electrical component that can break an electrical circuit, 
interrupting the current or diverting it from on conductor to another (Falex., 2008 and 
Houghton Mifflin., 1979). Switch can be classified to two types; manually operated 
switches and automatically operated switches.
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2.4.1 Single Pole Double Throw (SPDT) Relay 
SPDT relay is an electrical switch that automatically manipulated by signal. 
Many relays use an electromagnet to operate a switching mechanism mechanically, but 
other operating principles are also used. Generally, relay switches are used to control a 
high-voltage circuit with a low-voltage signal, as in some types of modems or audio 
amplifiers and to control a high-current circuit with a low-current signal, as in the starter 
solenoid of an automobile and etc. 
2.5 COMPUTER-AIDED	 DESIGN	 AND	 COMPUTER-AIDED 
MANUFACTURING (CAD/CAM) 
Computer-aided design and computer-aided manufacturing (CAD/CAM) are a 
computer system which is used to both design and manufacture products. CAD used to 
create the computer models which defined by geometrical parameters. But, CAD/CAM 
systems are used both for designing a product and for controlling manufacturing 
process. The geometries in the CAD drawing are used by the CAM portion of the 
program to control a machine that creates the exact shape that was drawn. CAD/CAM 
software is most often used for product development, machine-tooling and 
manufacturing. 
The developments in solid modeling systems bring an enhanced environment for 
generation NC tool path. The CAD/CAM used to generate G-code for making automatic 
generation of the tool path in NC machining (You et at., 1995). G-code is common 
name which used for numerical control (NC) programming language. G-code generated 
from CAD/CAM mainly used in automation of machining process. The G-code gives 
instruction to the cutting tool to move. The machining process from stock material to 
the finished part include various different stages, including rough cut, semi-finish cut, 
and finish cut. Every stage might have a number of sub-machining processes (You et 
at., 1995).
